The present work is dedicated to study the performance of H 2 /Air proton exchange membrane (PEM) fuel cells (FC) by using an empirical modeling and experimental results at symmetric and asymmetric relative humidity. The empirical modeling is presented by Kim's equation which was used in simulating the performance of the H 2 /Air PEM FC and in fitting the experimental data at different operating conditions. The simulation of the cell performance helps to understand the impacts of different kinetics, ohmic and mass-transfer resistances on the I-E curves and hence on the performance of the FC. By fitting the experimental data with the theoretical calculations, it is possible to extract important kinetics, ohmic and mass-transfer parameters at different temperatures and at different symmetric and asymmetric relative humidity. Although the exact physical meanings of some fitting parameters are quite clear, others are not.
Introduction
The current research in fuel cells (FC) aims to replace the ordinary energy devices for essential reasons such as affording renewable energy sources rather than the ordinary exhausted power sources such as oil and coal. Of these fuel cells, proton exchange membrane fuel cells (PEMFCs) represent an important category. Since PEMFCs are considered to be an ecofriendly energy source with reasonable power output, they have been explored extensively during the last decades.
14 While scientists world-wide have been seeking to replace high cost platinum electrocatalysts in the anode and cathode, 58 others are looking for engineering design and transport problems within the fuel cell. 2, 9 Nevertheless, important achievements should be offered in order to sustain high performance, durability and low cost of the PEM fuel cells. These offers may smooth the way for real replacement of ordinary power sources.
Controlling the water levels within the PEMFC is one of the main issues that have been considered as a main design criteria for operation of the PEMFC. Humidified gases (H 2 , Air (O 2 )) are supplied to the anode and cathode compartments and also water is produced inside the cathode compartment due to reduction of O 2 gas to water. Meanwhile the wetting of the Nafion membrane should be controlled to maintain high conductivity of the membrane. Improper hydration of the membrane may cause low ionic conductance and hence may results in irreversible damage. PEM used in fuel cells such as H 2 / Air(O 2 )PEMFC should have optimum hydration to attain suitable high proton conductivity. Also, extra amounts of water creates flooding and yet it should be removed to prevent such flooding.
10,11 Figure 1 shows a scheme of the water transport process in a typical H 2 /Air PEM fuel cell. Three phenomena have been found to control the water transport inside the PEMFC. These are: electro-osmotic drag (H 2 O molecules are dragged by hydration of the produced H + ions at the anode compartment and its transfer to the cathode compartment), back diffusion (H 2 O molecules move under the concentration difference between the cathode and anode) and forced convection under the impact of pressure difference between the H 2 and O 2 gases. However, the convection effect is generally negligible compared to the effects of electro-osmotic drag and the back diffusion, due to low membrane hydraulic permeability.
1214
Most PEMFC studies were performed at high relative humidity conditions (symmetric i.e., equal relative humidity at both cathode and anode compartments). However, there are not many research reports that consider the impacts of operating the H 2 /Air PEMFC at dry anode compartment conditions (H 2 gas is dry). 1523 In the above studies, non-zero values of relative humidity of the anode (RHA) and that of the cathode (RHC) were used. However, studying the cell performance at either (RHA = 0 and RHC º 0) and (RHA º 0 and RHC = 0) is limited. In this context, at different combinations of the above values of RHA and RHC, we may be able to explore the impacts of the above mentioned phenomena of water transportation on water rehydration of the Nafion membrane and its effects on the current-potential (I-E) curves of the H 2 /Air PEMFC. One of the most important criteria to diagnose the performance of FC is the potential-current (I-E) relation. From the I-E curves one can test the performance of the FC power and the maximum current loading. The simulation can help us in understanding the behavior of the FC at different controlling parameters and operating conditions and also help us in designing a better FC. The fitting of the experimental data (experimental I-E data) will help to extract important controlling parameters. Two modeling approaches have been introduced for such simulation: Theoretical and empirical models. Theoretical modeling requires the knowledge of the fundamentals of the kinetics, ohmic, massand charge-transport processes to be directly included into the model algorithm. 2426 Empirical modeling, on the other hand, aims to reproduce the experimental data (e.g., I-E curves) at different conditions. Although empirical modeling is limited in its prediction ability and in the range of operational parameters, it is applied in many cases for analysis of H 2 /Air PEM fuel cell since it is a fast and easy modeling processes. 2730 Empirical modeling for H 2 /Air PEM fuel cell aim to predict the currentpotential curves (I-E) of the FC at different conditions. Most of the empirical formulae were used to fit the I-E data at the conditions of symmetric relative humidity. In the present work, the fitting process will be at asymmetric conditions. Empirical modeling is going to be used to demonstrate the effects of the symmetric RH, and asymmetric RH (different values of RHA and RHC) on the performance of the H 2 /Air PEM fuel cell at different temperatures. Polarization curves are collected at different conditions and the influence of the electro-osmosis and back diffusion may be illustrated with the aid of an empirical equation under some experimental conditions.
Experimental
The experimental details can be found elsewhere 31 and are briefly mentioned here. Nafion 212 membrane and 1.0 mg cm
¹2
Pt catalyst, 1.0 mg cm ¹2 PtRu (0.766 Pt and 0.234 Ru) catalyst were used in all the experiments. The fuel cell of a JARI Standard type was purchased from NF Co., (Japan) and the MEA was of 25 cm 2 area. In a set of experiments, the RH of the H 2 gas (anode compartment), RHA was kept constant = 0 and the relative humidity of air (O 2 ) (cathode compartment), RHC was changed from 0 to 100%. The reverse was done for air, i.e., keeping air dry and changing the relative humidity of H 2 (RHA) from 0 to 100%. The above setup may be called asymmetric relative humidity since the RH at the cathode and anode is different. In both cases the polarization curves of the cell were recorded. The gas flow rate was kept constant during the whole course of measurements, i.e., at 300 cm 3 min ¹1 and 1000 cm 3 min ¹1 for H 2 and air, respectively. The gas pressure was kept constant accordingly at 1.5 and 25.3 kPa for H 2 and air, respectively.
The polarization curves were measured by an NF®Fuel Cell Test System (MTB-36714, Japan) coupled with a potentiostat. They were recorded using galvanodynamic technique with a current scan rate of 0.05 A min
¹1
. This scan rate was found to be low enough to obtain stable constant values of potential. The current was scanned from lower currents (0 A) to higher positive values. The maximum current is taken where the cell voltage goes below a minimum value. This minimum depends on the operating conditions. The polarization curves were measured with the air electrode as the working electrode and the hydrogen electrode as the reference and counter electrode. Fitting of the experimental data was performed using a Polymath 5.1 fitting program. The fitting needed guessing values of the fitting parameters (E°, b, R, m and n) with a reasonable number of iterations.
Results and Discussion
The following electrochemical reactions take place in a hydrogen/oxygen fuel; 
The reversible (i.e., maximum) standard potential, E°for the H 2 /O 2 fuel cell reaction is 1.229 volts per mole of hydrogen (at 25°C, unit activity for the species, liquid water product). Figure 2 shows a schematic representation of the different types of cell potentials (including the reversible cell potential) and polarizations that take place within the cell. As can be seen in Figure 2 , the cell potential deviates from the reversible (straight line) value as a result of the current flow. This currentpotential curve for a FC is characteristic of specific geometry, catalyst/electrode characteristics, and electrolyte/membrane properties and also specific operating conditions such as concentration, flow rate, pressure, temperature, and relative humidity. Hence, the I-E curves depend on the kinetic, ohmic, and mass-transfer resistances. Figure 2 shows different types of polarizations as given for activation polarization at the cathode (curve 4) and at the anode (curve 6) and also ohmic polarization as given in curve 5.
3.1 Simulation of the I-E Curves. Many authors have introduced different empirical equations to reproduce the I-E curves under different experimental conditions. 3236 Of these equations, Kim' equation is going to be used in the present study 35 and it is given below:
Where E cell is the cell potential in mV at any current density I (mA cm ¹2 ), E°is a fitting parameter corresponding to the reversible cell potential in mV, B is the Tafel slope, mV dec ¹1 , R cell is the internal cell resistance (membrane resistance) in ohm cm 2 , m and n are fitting parameters representing the masstransfer limitations (m in mV and n in cm 2 /A). In the present work we used Kim's empirical equation due to its simplicity. Moreover, it can cover the purpose of the present work. In this section, theoretical simulation of the I-E curves using eq 3 at different values of the empirical parameters in eq 3. This will help us to understand the impacts of different parameters on the performance and controlling processes of the cell performance. Figure 3 shows theoretical simulation of the I-E curve of H 2 /air PEMFC at different values of the Tafel slope, B. The curves were calculated using eq 3 and using the following values of the various parameters: E°= 1000 mV, R cell = 0.2 ohm cm 2 , m = 0.004 mV and n = 0.008 cm 2 /A. The B parameter is the Tafel slope of the oxygen reduction reaction. Higher values of B (higher Tafel slopes) mean lower electrochemical activity of the catalyst. The figure demonstrates that as B increases the cell gives lower performance as indicated by the lower potential at the same current. Note that the role of the catalyst is to increase the reaction kinetics at the cathode surface. The activity of the catalyst is related to the electrode surface composition, temperature, pressure, concentration of the reactant. The current (load) at which mass-transfer limitations take place is independent of the value of B. That is to say the B value controls the kinetics of the cathodic electrocatalyst and doesn't have any effect on the mass-transfer limitation of the FC as indicated from the figure.
As it was mentioned above, the value of R cell mainly expresses the cell membrane resistance. Figure 4 depicts theoretical I-E curves of the H 2 /Air PEM FC at different values of R cell . The curves were calculated using E°= 1000 mV, B = 60 mV, m = 0.004 mV and n = 0.008 cm 2 /A. It can be seen that increasing the value of R cell of the FC gives lower performance, i.e., lower potentials at the same cell currents. The R cell value represents the resistance of the membrane of the FC and an increase of the resistance of the fuel cell supports lower efficiency of the FC. When we throw light upon the thickness of the membrane, we found that there is a direct relation between the thickness and the resistance. An increase in the thickness of the membrane causes an increase in the distance that the proton (see eq 1) would travel and yet it causes slower proton transfer due to high membrane resistance. Thinner membrane, on the other hand, may cause fuel transport through the membrane (fuel cross-over) which lowers the fuel efficiency. From the present simulation here, a chosen optimum thickness of the membrane should be done where the resistance is not too high and in the same time is not permeable to fuel. The parameters m and n are intended to describe the effects of mass-transport limitations on the I-E curves. Figures 5 and 6 show theoretical simulations of the effects of the parameters m and n on the I-E curves, respectively. The two parameters implement the regions of the concentration polarization (masstransport loss). As the value of m and/or n increase, the cell performance supports lower values of cell potential at the region of high current (mass-transfer-controlled region, see Figure 2 ). It can be observed that the I-E curve is more sensitive to the value of n rather than the value of m. Hence, the parameter n has more pronounced effect than the parameter m in the mass-transport region. Mass-transfer limitation can be caused by either change in the porosity of the diffusion layer of the electrode or by the presence of water droplets or films in the diffusion layer. Using calculations, through the values of m and n parameters, it enabled us to choose the optimum conditions of porosity, state of the diffusion layer and know whether there were any water droplet or not (flooding conditions). As can be seen from Figure 5 , the parameter m affects both the slope of the linear part of the I-E curve and the current at which the I-E curve deviates from linearity. On the other hand, in Figure 6 , the parameter n has major effects on the mass-transfer region, i.e., it determines how fast the current drops with the potential (after the linear region) and hence it determines the apparent limiting current density. In general the parameter n has more significant impact on the region of high current density in the I-E curve than that of the parameter m. In this case it can be suggested that the parameter n is related to the mass-transfer affecting parameters like O 2 pressure, temperature, humidity of the membrane and water levels in the channel and its transport mechanism. For instance higher values of n may suggest flooding conditions (water droplets), low pressure and/or low flow rates of the O 2 gas.
3.2 Fitting of the Experimental Data. In this section, I-E curves were measured previously by the authors as given in Ref. 31 at different RH and different temperatures. The RH was changed in the symmetric relative humidity where relative humidity at the cathode (RHC) and at the anode (RHA) has equal value. Also, I-E curves were measured at the conditions of asymmetric relative humidity where RHA is set to zero and RHC was changed or vice versa. In all cases, the experimental I-E curves are fitted with the theoretical I-E curves calculated from eq 3 using different parameters, i.e., E°, R cell , B, m and n.
3.2.1 Symmetric RH: Figure 7 shows the effects of the symmetric relative humidity, RH on the I-E curves at different values of RH and at T cell = 70°C. Symmetric RH means that RH is the same at both the cathode and anode compartments. The symbols show the experimental data and the solid lines show the theoretical results at the same values of RH and T cell . The theoretical curves were calculated using eq 3 and using the fitting parameters listed in Table 1 . An RH of 20% cannot support any considerable performance of the H 2 /Air PEM FC at this cell temperature (T cell = 70°C). As RH increases to RH of 35%, fair performance is supported. On increasing RH to 60%, the E cell decreases sharply to lower values at I > 0.92 A cm ¹2 . At further high RH (at RH 100%), the E cell goes down to lower values at I > 0.65 A cm
¹2
. At lower and moderate cell currents, however, the cell performance is controlled by kinetic and ohmic effects and hence at RH 60 and 100% support higher currents than that at RH = 35%. It may be concluded that at low RH (RH = 20%), the cell suffers from dry-out conditions where at high RH (60 and 100%), flooding of the cell catalyst may cause mass-transfer resistance as seen from the cell current drop in the figure. Figure 8 demonstrates good agreement between the experimental data and theoretical results. Hence, Kim's equation can be used to predict the I-E curves at symmetric RH conditions under the present experimental conditions. One can go through the physical meaning of the used fitting parameters at different RH values in Figure 8 . The E°value (reversible cell potential) does not have significant effect on the morphology of the I-E curves since the used E°values at different RH are comparable. The Tafel slope, B has a high value at RH = 20% compared to that used in fitting the cases of higher values of RH (i.e., 35, 60 and 100%). This is consistent with the facile kinetics charge transfer as evident from smaller slope at RH = 100%. For the R cell fitting value, it is 1.1 ohm cm 2 at RH of 20%. This is consistent with the poor performance (much lower E cell ) of the cell at this R cell . The other fitting values of R cell in Table 1 are consistent with the morphology of the I-E curves at RH = 35, 60 and 100% as shown in Figure 7 . For the m and n fitting values listed in Table 1 , it can be seen that m at RH = 20% is much higher (m = 1.38) compared with the other values of m used at RH = 35, 60 and 100%. Since the I-E is not so sensitive to small changes in the m value (see Figure 5) , it can be concluded that the m values at RH = 35, 60 and 100% are almost the same. Hence, the n value will be controlling since small change in the n value has more significant effect in the I-E curves as shown in Figures 5 and 6 . At RH = 20%, the performance is not controlled by mass-transfer limitation but rather by the kinetic and ohmic limitations. At RH = 35, 60 and 100%, however, as n increases from RH = 35 to 100%, the value of n increases pointing to more mass-transfer limitation. This is consistent with the results in Figure 7 . Figure 8 shows the effects of the I-E curves at the same different values of RH used in Figure 8 but at T cell = 90°C. The symbols show the experimental data and the solid lines show the theoretical results using the fitting parameters listed in Table 2 . At this higher temperature, it is observed that the cell needs RH of 60% in order to have reasonable performance of the FC and the cell lost its performance at lower RH (20 and 35%) compared to the results in Figure 8 at T cell = 70°C. In this case at RH 60%, the cell supports high E cell even at high cell current (load) and it suffers from mass-transfer limitations only at RH = 100%. At high RH, one can note that high temperature (T cell = 90°C) supports high-charge-transfer kinetics and lower ohmic resistance as evident from the obtained higher E cell at low and moderate cell currents compared to T cell = 70°C at the same RH. Also at this high cell temperature, the theoretical data are consistent with the experimental findings. If we consider the fitting parameters in Table 2 and its trend we may conclude the following. The B values at RH = 20% are less than at T cell = 70°C (see Table 1 ) at the same RH. The other values of B in Table 2 at RH = 35, 60 and 100% are comparable with the corresponding values in Table 1 . The R cell Table 1 . Table 2 . Table 2 decreases as RH increases pointing to the wetting ability to the Nafion membrane at higher RH. However, the values of R cell in Table 2 (T = 90°C) are slightly higher than that on Table 1 (T = 70°C) pointing to the trade-off between the dry-out effects and higher membrane conductivity at high temperature. The m and n values can be compared only at RH = 60 and 100% since the cell performance is mass-transfer controlled. The m and n values at RH = 100% are higher than at RH = 60% pointing to more mass-transfer resistance due to higher humidity and flooding case.
Asymmetric RH:
In this section, the effects of asymmetric relative humidity on the I-E curves are explored. This was done by fixing the relative humidity at the anode at zero value (RHA = 0, dry conditions) and changing that of the cathode, RHC. Figure 9 depicts I-E relations at different RHC and RHA is set to zero at T = 70°C. The symbols show the experimental data and the solid lines show the theoretical results. The theoretical results were calculated using eq 3 and the fitting parameters listed in Table At RHC = 20%, the cell lost its performance completely and it is observed that the performance is much worse than that at symmetric RH at the same value (20%). The cell sustains its ordinary performance (as in case of symmetric RH) only at RHC of 35, 60 and 100%. At this high RHC and dry conditions of the anode (RHA = 0), the prevailing mechanism is the back diffusion of water molecules due to higher pressure and higher flow rate at the cathode compared to that at the anode. This diffusion can support reasonable wetting of the membrane and yet reasonable internal resistance and hence support high performance as that supported at the same values of symmetric relative humidity (see Figure 8 ). The theoretical curves in Figure 10 show an agreement with the experimental data. Figure 10 shows the I-E curves at fixed RHC = 0 and different RHA (asymmetric RH) at T = 70°C. The experimental data are shown in symbols whereas the theoretical calculations are shown in solid lines. The cell performance is lost if RHC is kept at 0% (dry cathode) and the anode compartment is humidified at values of RHA between 20 and 100%. Only at RHA = 100%, the cell can sustain moderate performance at this condition of dry cathode compartment. The mechanism of electro-osmotic drag of water from the anode to the cathode is important only when the anode compartment humidity, RHA equals 100% at the present temperature. The theoretical curves show reasonable agreement with the experimental I-E curves.
Note that this is the first report on fitting the I-E curves of H 2 /air PEM fuel cell with an empirical formula with the cell operating under asymmetric conditions. The impacts of the fitting parameters used in the different figures are given here. For instance, Table 3 lists the fitting parameters used in fitting the I-E curves in Figure 9 . The fitting parameters may have the following meanings. The B and R cell values at RHC = 20% are much higher compared to those at higher RHC (RHC = 35, 60 and 100%). This indicates that the kinetics and ohmic resistances at RHC = 20% are controlling factors for the cell behavior. The value of R cell at RH = 35, 60 and 100% are comparable. It seems that the back diffusion of water to the anode site at much higher rates at high RHC (100%) may support reasonable wetting and hence conductivity to the cell membrane. In Figure 10 , Table 4 shows that R cell decreases with the value of RH. This may indicate that only at RHA = 100% that can support reasonable membrane resistance via electro-osmotic mechanism but at the lower RHA (20, Table 3 . Table 4 . Table 3 . Fitting parameters used in the theoretical calculations of I-E curves in Figure 9 RHC of m and n, on the other hand, are meaningless since the cell at these values of RH is not mass-transfer controlled.
Conclusion
Empirical modeling has been used to simulate and reproduce experimental I-E data of a H 2 /air PEM fuel cell operating at symmetric and asymmetric conditions. The model has been tested theoretically for the significance of the fitting parameters that represent kinetic, ohmic and mass-transfer resistance on the cell performance. Possible reasonable performance of the cell can be achieved at symmetric relative humidity of >27% and at higher relative humidity at the cathode (RHC > 35%, RHA = 0) can support rehydration of the anode side of the Nafion membrane through back diffusion of water from the cathode to the anode compartment. Fitting of the experimental I-E curves with the empirical equation (Kim's equation) shows good agreement with using of the fitting parameters.
